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Abstract 
Drought indices are commonly used tools for drought characterisation and analysis. The Reconnaissance Drought Index (RDI) is 
one of the widely used indices, due to its high sensitivity and resilience. The basic form of the index is the ratio of the cumulative
precipitation to potential evapotranspiration, for a specified reference period. The RDI is also transferred to a normalised and a 
standardised expression. Since the RDI incorporates both the main input and the main output of a natural water system, it is 
considered as an appropriate index of water availability. Based on this notion, as shown in recent studies, the RDI is suitable for 
the assessment of drought impacts on agriculture. In this paper, a modified version of the index, RDIe, is presented, in which 
precipitation is replaced by the effective precipitation. With the proposed modification, the amount of water beneficially exploited 
by the agricultural systems can be represented more accurately, enhancing the performance of the index for agricultural drought
analysis. Further, alternative ways for the calculation of effective precipitation are presented and discussed. An application of the 
modified RDI in an agricultural area demonstrates its better performance in assessing the impacts of drought on the rainfed 
agricultural production. 
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1. Introduction 
Drought is a natural phenomenon with significant effects on several sectors (economy, society, environment). 
Conventionally, based on the sector or water-system of interest, the drought phenomenon is characterised as 
meteorological, hydrological and agricultural [1]. The selection of the appropriate variables for drought analysis 
mainly depends on the water system under study [2]. 
Drought characterisation and analysis are crucial aspects for drought management and operational planning. The 
quantification of drought severity, which is usually achieved through the use of drought indices, is the main element 
of drought analysis. Many drought indices have been developed in the past, for general or specific use, serving 
different research or operational objectives [3-5].  
The precipitation is the principal parameter for many drought indices. However, based on recent reports by the 
Intergovernmental Panel on Climate Change [6,7], the observed climate variability for various meteorological 
parameters (e.g. precipitation, temperature) follows different patterns in several regions of the world. Additionally, 
the regional characteristics of droughts are expected to change, as a result of the variation of meteorological parameters 
or due to the cumulative adverse effect of more than one parameter (e.g. decrease of precipitation and increase of 
temperature) [8]. Therefore, indices that incorporate temperature in their formulation are considered more appropriate 
for representing the climate change conditions [9-12]. 
In this paper, a modified version of the Reconnaissance Drought Index (RDI), which incorporates both precipitation 
and temperature (through the use of potential evapotranspiration), is proposed. The RDI is characterised mainly as a 
meteorological index, though, due to its structure, has been proved appropriate for the assessment of agricultural 
droughts [13,14]. However, the total precipitation cannot usually represent sufficiently the amount of water that can 
be used consumptively by the plants. For this reason, the use of the effective precipitation, instead of total precipitation, 
is proposed for RDI modification. This approach is expected to increase the suitability of the index for the assessment 
of drought effects on the agricultural systems, especially for rainfed conditions. 
2. Methodological approach 
2.1. Effective precipitation  
The concept of the effective precipitation (Pe) may have different interpretation for each scientific field or for 
different research objectives. For instance, Pe could be considered, respectively, as the total amount of the precipitation 
that enters into a reservoir, the percentage of the precipitation that contributes to groundwater recharge, the amount of 
water that can be used by the root system of the plants, etc. In this paper, we focus on the concept of Pe as a factor that 
contributes to agricultural production. Therefore, Pe is considered as the part of total precipitation that can be used for 
crop development, directly or indirectly. 
The soil water conservation in the root zone can be expressed through the following equation [15]: 
ǻV = P + IR – (I + Q + ET + DP)  (1) 
in which ǻV is the change of soil water in the root zone, P is the precipitation, IR is the irrigation water depth, I
represents the interception losses, Q is the runoff, ET is the evapotranspiration and DP is the deep percolation. All 
units are expressed in mm and refer to a time period of ǻt.
The Pe is defined as the percentage of the total precipitation that enters into the soil (root zone), but it is not lost 
due to deep percolation: 
Pe = P – (I + Q + DP)   (2) 
The percentage of total P that is considered as Pe depends on several factors, which may also have a combined 
effect. Practically, any factor that is related to infiltration, runoff and evapotranspiration is influencing the value of Pe
[16,17]. 
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The Pe can be measured through several techniques, e.g. soil moisture change, lysimeters, etc., however, these 
techniques are mainly limited for experimental applications. In some regions, there are studies for the development of 
equations that determine Pe, based on the local conditions and characteristics (topography, main soil types, etc.). These 
approaches usually give good practical results, though their application is limited to the specific regions for which 
they were developed. 
Other empirical methods have been also used, that provide a generic assessment of Pe. The simplest approach is to 
calculate Pe as a specified percentage (usually 70-90%) of the total precipitation. Based on this, other criteria may be 
also used for a more precise estimation. For instance, Caruso et al. [18] estimated Pe as the 75% of total daily 
precipitation, neglecting the days with precipitation depth lower that 4 mm. 
The U.S. Bureau of Reclamation has also developed a method for Pe estimation, which is mainly proposed for arid 
or semi-arid regions. In this method, classes of the total monthly precipitation are used (Table 1), in order to define 
the corresponding percentage for the calculation of Pe [19]. Alternatively, the following equation may be used [20]: 
൜ ௘ܲ ൌ ܲ ή
ሺͳʹͷ െ ͲǤʹ ή ܲሻȀͳʹͷܲ ൑ ʹͷͲ
௘ܲ ൌ ͲǤͳ ή ܲ ൅ ͳʹͷܲ ൐ ʹͷͲ
ൠ (3) 
Table 1. Estimation of effective precipitation based on total monthly precipitation classes (U.S. Bureau of Reclamation 
method). 
Total monthly precipitation class (mm) Effective precipitation class (%) 
0.0 - 25.4 90 - 100 
25.4 - 50.8 85 - 95 
50.8 - 76.2 75 - 90 
76.2 - 101.6 50 - 80 
101.6 - 127.0 30 - 60 
127.0 - 152.4 10 - 40 
> 152.4 0 - 10 
A more thorough estimation method has been proposed by U.S.D.A. [21], which was developed based on the 
analysis of 50-years of data from 22 areas with different climatic and soil conditions. The assessment of monthly Pe
is based on total precipitation (P), crop evapotranspiration (ETc) and a soil water storage factor (SF), according to the 
following equation (in which the parameters are expressed in mm) [17,22]: 
௘ܲ ൌ ʹͷǤͶ ή ܵܨ ή ሺͲǤͲͶͻ͵ͳ ή ܲ଴Ǥ଼ଶସଵ଺ െ ͲǤͳͳͷ͸ͷሻ ή ͳͲ଴Ǥ଴଴଴ଽହହήா ೎் (4) 
in which SF is defined as: 
ܵܨ ൌ ͲǤͷ͵ͳ͹Ͷ͹ ൅ ͲǤͲͳͳ͸ʹͳ ή ܦ െ ͺǤͻͶ͵ ή ͳͲିହ ή ܦଶ ൅ ʹǤ͵ʹͳ ή ͳͲି଻ ή ܦଷ (5) 
in which D is the usable soil water storage and is approximately between 40 to 60% of the available soil moisture 
in the root zone. It is noted that Pe cannot be greater than the monthly precipitation or the monthly evapotranspiration. 
If the result is greater than any of these parameters, the Pe is considered equal to the lower of the above values. 
Another empirical method has been proposed by FAO [23]. According to this method, the following equation may 
be used for the estimation of Pe, based on the corresponding value of the total monthly precipitation: 
ቐ
௘ܲ ൌ Ͳ݂݋ݎܲ ൑ ͳʹǤͷ݉݉
௘ܲ ൌ ͲǤ͸ ή ܲ െ ͳͲ݂݋ݎͳʹǤͷ݉݉ ൏ ܲ ൑ ͹Ͳ݉݉
௘ܲ ൌ ͲǤͺ ή ܲ െ ʹͷ݂݋ݎܲ ൐ ͹Ͳ݉݉
ቑ   (6) 
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2.2. Modified Reconnaissance Drought Index 
The Reconnaissance Drought Index (RDI) has been introduced by Tsakiris and Vangelis [24] as a physically based, 
universal and comprehensive index for the assessment of meteorological drought. It utilises two parameters, the 
cumulative precipitation (P) and potential evapotranspiration (PET), for specified reference periods. Recent studies 
[25,26] have shown that temperature methods for estimating PET can be sufficient for the calculation of RDI in various 
regions, therefore the data requirements are limited to precipitation and temperature. Over the last decade, the RDI 
has been widely used in several applications worldwide [e.g. 27-31]. 
The RDI can be expressed in three forms. The initial form of the index (Į) within a year for a reference period of 
k months is calculated as [32]: 
ܽ௞ ൌ
σ ௉ೕ
ೕసೖ
ೕసభ
σ ௉ா்ೕ
ೕసೖ
ೕసభ
  (7) 
The second form is a normalised expression of the index (RDIn), calculated by the following equation: 
ܴܦܫ௡ሺ݇ሻ ൌ
௔ೖ
௔തೖ
  (8) 
in which തܽ௞ is the long term average of Įk.
Assuming that the values of Įk follow the log-normal distribution, the standardised form of the index (RDIst) is 
calculated as [24]: 
ܴܦܫ௦௧ሺ݇ሻ ൌ
௬ೖି௬തೖ
ఙෝೖ
  (9) 
in which yk is equal to the lnĮk, while yk  is its average and Vˆ k  is its standard deviation, respectively.  
The above approach for the calculation of RDIst cannot be used in case of zero precipitation sums. For this reason, 
alternative techniques have been proposed [33,34]. Drought characterisation can be performed based on drought 
severity classes [35]. 
Previous studies have shown that RDI can be successfully used for the assessment of drought effects on crop yield, 
especially in rainfed agriculture [13,14]. However, as already mentioned, the Pe is expected to better represent the 
amount of water that is used beneficially by the crops. Therefore, a modified version of RDI, RDIe, is proposed in 
this paper, by replacing the total precipitation by the Pe. Based on Equation (7), the modified initial form of the index 
(Įe) is calculated as: 
ܽ௘௞ ൌ
σ ௉೐ೕ
ೕసೖ
ೕసభ
σ ௉ா்ೕ
ೕసೖ
ೕసభ
  (10) 
The calculation of the normalised (RDIen) and the standardised (RDIest) forms of the index can be performed with 
similar procedures, as already described for RDI. 
The Pe can be estimated with the previously mentioned methods, depending on the conditions of each study area. 
Obviously, for consistency reasons, the same Pe estimation method should be used in case of spatial drought analysis. 
2.3. Calculation of the modified RDI using the DrinC software 
As known, the Drought Indices Calculator (DrinC) software has been developed aiming at providing the means for 
the consistent calculation of various drought indices for drought analysis in research and operational applications 
[36,37]. A special routine has been added to DrinC software that can be used for the calculation of the modified RDI 
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(RDIe). The estimation of Pe through this routine can be performed with the above described methods of the U.S. 
Bureau of Reclamation [19,20] and FAO [23]. 
3. Application
For illustration purposes, the proposed RDIe is used in Larissa valley, an area with major agricultural activity in 
central Greece. Meteorological data (precipitation, minimum and maximum temperature) of the Hellenic 
Meteorological Organisation for 47 hydrological years (1955-2002) are used. The PET is estimated with Hargreaves 
method [38]. The climate of the study area is characterised as semi-arid, therefore the U.S. Bureau of Reclamation 
method is considered appropriate for the calculation of Pe.
In Figure 1, the values of the original and modified RDIst are presented, for three reference periods. The first period 
(October – September) represents the entire hydrological year, the second (October – June) the first nine months of 
the hydrological year, while the third period (November – May) corresponds to the development stages of winter 
wheat, which is the main rainfed crop in the area. It is observed that the values obtained by the initial and the modified 
forms of RDI exhibit differences, which, in some cases, may lead to different drought characterisation. 
The approach proposed by Tigkas and Tsakiris [14] is used to test the response of the original and modified RDI 
in order to assess the drought effects on wheat yield for the specific area. This approach employs AquaCrop model 
[39] for the simulation of wheat yield, while regression models are used for the correlation between RDI and crop 
yield. Here, for simplicity purposes, only the correlation coefficient (r) for the three reference periods is used, as a 
simple indicator of the performance of RDI and RDIe (Table 2).  
Table 2. Correlation coefficient between winter wheat yield and the original and modified versions of RDI (RDI and RDIe) 
for three reference periods in the area of Larissa (1955 – 2002). 
Reference period 
Correlation coefficient (r)
RDIst RDIest
12-month (October-September) 0.678 0.688 
9-month (October-June) 0.655 0.692 
7-month (November-May) 0.775 0.795 
The above presented results give the indication that RDIe has better performance for the three tested periods. It 
should be also noted that the 7-month period, which corresponds to the crop development period, presents higher 
correlation coefficient compared to the other periods. This can be a critical point for the association of the effects of 
drought with crop yield. 
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Fig. 1. Values of the original and modified RDIst for the area of Larissa for 3 reference periods: a) RDIst-12 (October-September), b) RDIst-9 
(October-June) and c) RDIst-7 (November-May). 
4. Concluding remarks 
The RDI is a widely used index, which has been successfully employed in numerous drought-related studies during 
the last decade. In this paper, a modified version of the index, RDIe, is introduced, by replacing precipitation by 
 (a) 
 (b) 
 (c) 
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effective precipitation. Compared to the total precipitation, the effective precipitation expresses more accurately the 
amount of water that can be productively used by the crops. Therefore, the RDIe is expected to enhance the link 
between drought severity and the reduction of the agricultural production. 
The use of the RDIe is illustrated through an application in an agricultural area in Greece. The results showed that 
the modified index is better correlated to the crop yield reduction of the winter wheat, indicating that the proposed 
index may be a useful tool for characterising agricultural drought and for the assessment of impacts on rainfed crop 
yield. 
More comprehensive applications of the RDIe, in regions with different climatic conditions and other crops, are 
expected to give better insights on the validity of the proposed modified index. 
References 
[1] D.A. Wilhite, M. Buchanan-Smith, Drought as Hazard: Understanding the Natural and Social Context, in: D.A. Wilhite (Eds.), Drought and 
water crises: science, technology and management issues, CRC Press, Boca Raton, U.S.A, 2005. 
[2] G. Tsakiris, I. Nalbantis, H. Vangelis, B. Verbeiren, M. Huysmans, B. Tychon, I. Jacquemin, F. Canters, S. Vanderhaegen, G. Engelen, L. 
Poelmans, P. De Becker, O. Batelaan, A system-based paradigm of drought analysis for operational management, Water Resour. Manage. 27:15 
(2013) 5281-5297. 
[3] R.R. Heim Jr, A review of twentieth-century drought indices used in the United States, Bull. Am. Meteorol. Soc. 83:8 (2002) 1149-1165. 
[4] A.K. Mishra, V.P. Singh, A review of drought concepts, J. Hydrol. 391:1 (2010) 202-216. 
[5] A. Zargar, R. Sadiq, B. Naser, F.I. Khan, A review of drought indices. Environ. Rev. 19 (2011) 333-349. 
[6] IPCC, Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the IPCC, Stocker 
T.F. et al. (Eds.). Cambridge University Press, Cambridge, U.K., 2013. 
[7] IPCC, Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the IPCC, 
Pachauri R.K. et al. (Eds.). IPCC, Geneva, Switzerland, 2014. 
[8] IPCC, Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation. A Special Report of Working Groups I 
and II of the IPCC, Field C.B. et al. (Eds.). Cambridge University Press, Cambridge, U.K., 2012, 582p. 
[9] D. Tigkas, H. Vangelis, G. Tsakiris, The RDI as a composite climatic index, Eur. Water 41 (2013) 17-22. 
[10] F.A. Al-Faraj, M. Scholz, D. Tigkas, Sensitivity of surface runoff to drought and climate change: Application for shared river basins, Water 
6:10 (2014) 3033–3048. 
[11] A. Shokoohi, R. Morovati, Basinwide comparison of RDI and SPI within an IWRM framework, Water Resour. Manage. 29:6 (2015) 2011-
2026. 
[12] M.A.A. Zarch, B. Sivakumar, A. Sharma, Droughts in a warming climate: A global assessment of Standardized Precipitation Index (SPI) and 
Reconnaissance Drought Index (RDI), J. Hydrol. 526 (2015) 183-195. 
[13] G. Tsakiris, H. Vangelis, D. Tigkas, Drought impacts on yield potential in rainfed agriculture, in: Proceedings of 2nd International Conference 
on Drought Management ‘Economics of Drought and Drought Preparedness in a Climate Change Context’, 4-6 March 2010, Istanbul, Turkey, 
pp.191-197. 
[14] D. Tigkas, G. Tsakiris, Early estimation of drought impacts on rainfed wheat yield in Mediterranean climate, Environmental Processes 2:1 
(2015) 97-114. 
[15] A.S. Patwardhan, J.L. Nieber, E.L. Johns, Effective Rainfall Estimation Methods, J. Irrig. Drain. Eng. 116:2 (1990) 182-193
[16] N.G. Dastane, Effective rainfall in irrigated agriculture. FAO Irrigation and Drainage Paper, No.25, Rome, Italy, 1978. 
[17] D.L. Martin, J.R. Gilley, Irrigation water requirements, in: National Engineering Handbook, Section 15 – Irrigation. U.S.D.A. Soil 
Conservation Service, 210-vi-NEH, 1993. 
[18] G. Caruso, H.F. Rapoport, R. Gucci, Long-term evaluation of yield components of young olive trees during the onset of fruit production under 
different irrigation regimes, Irrig. Sci. 31 (2013) 37-47. 
[19] G.G. Stamm, Problems and procedures in determining water supply requirements for irrigation projects, in: Hagan et al., (Eds.), Irrigation of 
agricultural lands, Agronomy Monograph 11, American Society of Agronomy, Madison WI, USA, 1967, pp. 771-784. 
[20] M. Smith, Manual for CROPWAT version 5.2. FAO, Rome, Italy. 1988, 45p. 
[21] USDA SCS, Irrigation water requirements. United States Department of Agriculture, Soil Conservation Service, Tech. Rel. No. 21, (rev. 1970), 
1970, 88p. 
[22] T. Hess, Estimating Green Water Footprints in a Temperate Environment, Water 2:3 (2010) 351-362. 
[23] C. Brouwer, M. Heibloem, Irrigation Water Management: Irrigation Water Needs, Training manual No. 3, FAO, Rome, 1986. 
[24] G. Tsakiris, H. Vangelis, Establishing a Drought Index Incorporating Evapotranspiration, Eur. Water 9-10 (2005) 3-11. 
[25] H. Vangelis, D. Tigkas, G. Tsakiris, The effect of PET method on Reconnaissance Drought Index (RDI) calculation, J. Arid Environ. 88 (2013) 
130–140. 
[26] D. Zhou, B. Zhang, Y. Shen, Effect of Potential Evapotranspiration Estimation Method on Reconnaissance Drought Index (RDI) Calculation, 
Chinese J. Agrometeorol. 3 (2014) 258–267. 
[27] N. Farajalla, R. Ziade, Drought Frequency under a Changing Climate in the Eastern Mediterranean: the Beka’a Valley, Lebanon, Geophys. 
Res. Abstr. 12 (2012) EGU2010-11653 
339 Dimitris Tigkas et al. /  Procedia Engineering  162 ( 2016 )  332 – 339 
[28] M.A. Asadi Zarch, H. Malekinezhad, M.H. Mobin, M.T. Dastorani, M.R. Kousari, Drought Monitoring by Reconnaissance Drought Index 
(RDI) in Iran, Water Resour. Manage. 25:13 (2011) 3485-3504. 
[29] D. Khalili, T. Farnoud, H. Jamshidi, A.A. Kamgar-Haghighi, S. Zand-Parsa, Comparability Analyses of the SPI and RDI Meteorological
Drought Indices in Different Climatic Zones, Water Resour. Manage. 25:6 (2011) 1737-1757. 
[30] D. Tigkas, H. Vangelis, G. Tsakiris, Drought and climatic change impact on streamflow in small watersheds, Sci. Total Environ. 440 (2012) 
33–41. 
[31] F.A.M. Al-Faraj, M. Scholz, D. Tigkas, M. Boni, Drought indices supporting drought management in transboundary watersheds subject to 
climate alterations, Water Policy 17:5 (2015) 865-886 
[32] G. Tsakiris, D. Pangalou, H. Vangelis, Regional Drought Assessment Based on the Reconnaissance Drought Index (RDI), Water Resour.
Manage. 21:5 (2007) 821-833. 
[33] D. Tigkas, Drought characterisation and monitoring in regions of Greece, Eur. Water, 23-24 (2008) 29-39. 
[34] G. Tsakiris, I. Nalbantis, D. Pangalou, D. Tigkas, H. Vangelis, Drought meteorological monitoring network design for the reconnaissance
drought index (RDI), In: A. Franco Lopez, (Eds.), Proceedings of the 1st International Conference “Drought Management: scientific and 
technological innovations”, Zaragoza, Spain, 12 - 14 June 2008: Option Méditerranéennes, Series A, No. 80, pp. 57-62 
[35] G. Tsakiris, A. Loukas, D. Pangalou, H. Vangelis, D. Tigkas, G. Rossi, A. Cancelliere, Drought characterisation, in: A. Iglesias et al., (Eds.), 
Drought Management Guidelines Technical Annex, Options Méditerranéennes, Series B, No. 58, Zaragoza, Spain, 2007, pp.85-102 
[36] D. Tigkas, H. Vangelis, G. Tsakiris, The Drought Indices Calculator (DrinC), in: R. Maia et al., (Eds), Proceedings of 8th International 
Conference of EWRA ‘Water Resources Management in an Interdisciplinary and Changing Context’, 26-29 June 2013, Porto, Portugal,
pp.1333-1342. 
[37] D. Tigkas, H. Vangelis, G. Tsakiris, DrinC: a software for drought analysis based on drought indices. Earth Sci. Inf. 8:3 (2015) 697-709. 
[38] G.H. Hargreaves, Z.A. Samani, Reference crop evapotranspiration from temperature, Trans. ASAE 1:2 (1985) 96-99 
[39] P. Steduto, T.C. Hsiao, E. Fereres, D. Raes, Crop yield response to water, FAO Irrigation and drainage paper No 66, Rome, Italy, 2012. 
